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Sodium pumpfor screening antitumor drugs for their mechanism of action on cancer cells. Yet,
screening for “modes of action” presents a technical challenge that is beyond the capability of conventional
methods used in cellular or molecular biology. Several studies have highlighted the advantages of using
infrared spectroscopy for diagnostic purposes at the clinical level for identifying cell types. In the present
work, we suggest that the Fourier Transform Infrared (FTIR) spectrum of cells exposed to anti-cancer drugs
could offer a unique opportunity to obtain a ﬁngerprint of all molecules present in the cells and to observe,
with a high sensitivity, the metabolic changes induced by potential anti-cancer drugs. Ouabain is one of the
most potent cardenolides, which acts by inhibiting sodium pump activity. Cardenolides represent a class of
compounds that are intended to soon enter clinical trials in oncology. In order to evaluate the potential of
infrared spectroscopy to yield a signature for ouabain action on cancer cells, human prostate cancer PC-3 cells
were treated with 36 nM ouabain, a sub-lethal concentration. Using ouabain as a model, we have thus
demonstrated the possibility of using IR spectroscopy in the assessment of the global effects of an
investigational compound on the cell constituents, thus contributing to setting up a new method for
screening for novel anti-cancer agents in general, and potential anti-cancer cardenolides in particular. The
most spectacular data obtained strongly suggest a modiﬁcation in the nature of the cell lipids.
© 2009 Elsevier B.V. All rights reserved.1. IntroductionThe number of anti-cancer agents that fail in the clinic far
outweighs those considered effective, suggesting that the selection
procedure for progression of drug molecules into the clinic requires
improvement [1]. Traditionally, new drugs are evaluated for their
potential to kill cancer cell lines. This approach is obviously not
sufﬁcient, and molecules with new modes of action are required. In
turn, there is a tremendous interest in obtaining a ﬁngerprint of their
mechanism of action on the cells.
Screening for “modes of action” presents a technical challenge that
is beyond the practical capability of conventional methods used in
cellular or molecular biology. The infrared spectrum of cells exposed
to anti-cancer drugs could offer an opportunity to obtain a ﬁngerprint
of all molecules present in the cells and, with a high sensitivity
observe the metabolic changes induced by the drugs. IR spectroscopy
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ll rights reserved.covalent bonds. While the intensities provide quantitative informa-
tion, the frequencies relate to the nature of these bonds, their
structure, and their molecular environment. In complex systems such
as cells, an infrared spectrum is the sum of the contributions gathered
from the proteins, the lipids, the nucleic acids, and all other chemical
species present in the cells. The spectra could thus be used as
signatures to provide evidence of global effects of a compound on all
of the cell constituents.
In the eighties, it was demonstrated that the FTIR spectrum of
bacteria provides a unique ﬁngerprint that allows the identiﬁcation of
bacteria species [2,3]. Hundreds of applications have been published
since this pioneering work. In the nineties, it was shown that tumor
cells can be distinguished from their normal counterparts by
observation of their FTIR spectra [4,5]. Later, with advances in
instrumentation and in multivariate statistics, tumor cell lines with
different biological behaviour could be separated. For instance, the
aggressiveness of different glioma cell lines was successfully predicted
from their FTIR spectra while no molecular biology means were
available for this purpose [6]. Similarly, the distinction of premalig-
nant from malignant cells also became available using speciﬁc
parameters obtained from Fourier Transform Infrared spectra, making
it a rapid and reagent-free method [7].
We now suggest that cells treated with potentially useful drugs
will experience metabolic modiﬁcations correlated with their cellular
mode of action. Because the infrared spectrum of cells yields a precise
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actions are likely to each yield a unique ﬁngerprint characteristic of
the “mode of action” of the therapeutical agent under investigation. In
turn, drug-induced metabolic disorders should be amenable to
classiﬁcation similar to the ways in which bacteria gender, species,
and strains can be classiﬁed.
In the present paper, we examine the feasibility of the approach by
investigating the subtle differences that occur in a human prostate
cancer cell line (the PC-3 model) upon exposure to sub-lethal
concentrations of ouabain, a well-known cardiotonic steroid [8].
Cardiotonic steroids, or cardiotonic glycosides, represent a group of
compounds that share the capacity to bind to the extra-cellular
surface of the main ion transport protein in the cell, the membrane-
embedded sodium pump (Na+/K+-ATPase), and have been widely
used for the treatment of heart failure. Early epidemiological
evaluations and subsequent demonstration of anti-cancer activity in
vitro and in vivo have indicated the possibility of developing this class
of compound as chemotherapeutic agents in oncology [8]. The sodium
pump, the receptor of cardiotonic steroid, might be an important
target for the development of anti-cancer drugs because it serves as a
versatile signal transducer. It is a key player in cell adhesion, and its
aberrant expression and activity are implicated in the development
and progression of different cancers. In addition to transporting ions,
the sodium pump interacts with neighbouring membrane proteins
(thus forming a “sodium pump signalosome”) and precipitates
cytosolic cascades of signaling proteins used to send messages to
the intra-cellular organelles [8]. Ouabain is used here to demonstrate
the feasibility of the approach and to illustrate the wealth of
information present in the FTIR spectra. We show that FTIR detects
subtle metabolic modiﬁcations and sheds some light on the chemical
modiﬁcations induced upon ouabain exposure.
2. Materials and methods
2.1. Compounds
Ouabain was purchased from Acros Organics (Geel, Belgium).
Lipids were obtained from Avanti (Alabaster, USA).
2.2. Cell culture
The human prostate cancer PC-3 (CRL-1435) cell line was obtained
from the American Type Culture Collection (ATCC, Manassas, VA) and
wasmaintained according to the supplier's instructions. The cells were
incubated at 37 °C in sealed (airtight) Falcon plastic dishes (Nunc,
Invitrogen SA, Merelbeke, Belgium) in a humidiﬁed atmosphere of 5%
CO2. The cells were kept in exponential growth in RPMI medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin (an antibiotic/antimycotic solution), and 1% kanamycin
to prevent mycoplasms. Medium and FBS were purchased from Gibco,
Invitrogen, Merelbeke, Belgium. Penicillin/strepromycin and kanamy-
cin solutions came from Sigma-Aldrich SA, Bornem, Belgium.
For FTIR spectroscopy, cells were suspended by means of a ﬁve-
minute treatment with trypsin/EDTA buffer (Gibco, Invitrogen SA,
Merelbeke, Belgium). The reaction was stopped by adding 1 ml of
culture medium. The cells were pelleted by a 2-minute centrifugation
(200 rpm), and washed three times in isotonic solution (NaCl, 0.9%) to
ensure complete removal of trypsin and culture medium. They were
then suspended in 30 μl of the NaCl solution.
2.3. In vitro overall growth determination
Overall cell growth was assessed bymeans of the colorimetric MTT
(3-[4,5-dimethylthiazol-2yl]-diphenyltetrazolium bromide, Sigma,
Bornem, Belgium) assay, as detailed elsewhere [9,10]. The cells were
incubated for 72 h in the presence or the absence (controls) of thetested compounds. Drug concentrations ranged between 10−9 and
10−5 M (with semi-log concentration increases). Experiments were
carried out in sextuplicate.
2.4. Quantitative videomicroscopy for cellular imaging
Human PC-3 prostate cancer cell migration and proliferation with
and without treatments were characterized in vitro by quantitative
videomicroscopy, as previously described [6,11].
PC-3 cells were grown to conﬂuence in Petri dishes (35 mm
diameter NUNC, VWR Int., Leuven, Belgium). Scratch wounds were
made by creating a linear denuded region using a pipette tip. The cells
were washed twice with PBS prior being cultured in the absence
(controls) or presence of 36 nM ouabain. Computer-assisted phase-
contrast microscopywas used to record a digital image of the denuded
region every 10 min over 72 h. Each experimental condition was
tested in triplicate.
2.5. FTIR spectroscopy
All measurements were carried out on a Bruker Equinox 55 FT-IR
spectrometer (Bruker, Karlsruhe, Germany) equipped with a liquid
N2-refrigerated mercury cadmium Telluride detector. All spectra were
recorded by attenuated total reﬂection (for a review, see [12]). A
diamond internal reﬂection element was used on a Golden Gate
Micro-ATR from Specac (Orpington, UK). The angle of incidence was
45°. A 0.5 μl amount of the cell re-suspended in about twice the
volume of the pellet (2 min, 300 g) was deposited on the diamond
crystal (about 3×104 cells per smear). The sample was quickly
evaporated in N2 ﬂux to obtain a homogenous ﬁlm of whole cells, as
ascertained bymicroscope examination. The FTIRmeasurementswere
recorded between 4000 and 800 cm−1. Each spectrum was obtained
by averaging 256 scans recorded at a resolution of 2 cm−1. Three
independent cultures were grown for each condition and three
samples were taken from each culture for infraredmeasurement, thus
generating a total of nine spectra per condition, as previously
described [6].
2.6. Lipid extraction
Total lipid extraction from PC-3 cells was obtained according to the
protocol of Bligh and Dyer [13]. Brieﬂy, three steps were carried out:
(i) addition of 125 μl of chloroform/250 μl of methanol to 100 μl of
sample and vortex of the resulting solution, (ii) addition of 8.4 μl of
hydrochloric acid (6 M) and 125 μl of chloroform and vortex of the
solution, (iii) addition of 125 μl of pure desalted water, vortex of the
solution again, and centrifuging for 10min at 300 g. Total lipid content
was collected in the lower phase.
2.7. Data analysis
The FTIR data were preprocessed as follows. First, the water vapor
contribution was subtracted, and then the spectra were baseline-
corrected and normalized for equal area between 2995–2800 and
1765–950 cm−1. The spectra were ﬁnally smoothed at a ﬁnal
resolution of 4 cm−1 by apodization of their Fourier transform by a
Gaussian line.
In IR spectra, each wavelength is a variable, i.e., about 1000
wavelengths are associated with biological molecule absorptions.
With at least nine spectra for each condition, the number of variables
submitted to statistical analysis quickly becomes extremely large. Data
are best handled after Principal Component Analysis (PCA), which is
an unsupervised statistical method that enables a reduction of
variables by building linear combinations of wavenumbers that vary
together. The ﬁrst principal component (PC) accounts for most of the
variance present in the data set; the second is built with the residual
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components are constructed the same way and account for progres-
sively less variance. In practice, almost all the variance of the original
data can be explained with three or four uncorrelated variables,
reducing the description of each spectrum to three or four numbers
representing the weight of the PCs. Simultaneously, these weights
allow the unsupervised classiﬁcation of the spectra. Such an
observation does not suppose any a priori conditions on these groups.
In the analyses reported here, the collection of spectra was mean-
centered (the mean was removed from the individual spectra).
The different analyses were carried out by means of speciﬁc
software generated in our lab (Matlab, Mathworks Inc).
3. Results
3.1. Ouabain-induced effects on the growth of human prostate cancer
PC-3 cells
The use of cardiotonic steroids has been reported previously,
many times as a means of potentially combating human refractory
prostate cancer (for review see [8]), which is the reason why we
chose to use human prostate PC-3 cancer cells as a study model.
Among different cardiotonic steroids, ouabain (for structure see Fig.
1A) is one the most used both in physiology-related and anti-cancer
pharmacological and toxicological assays. Cellular imaging is a video-
microscopy technique enabling cell observation in time, which allows
the evaluation of the effect of a given product on the morphology,Fig. 1. Ouabain-mediated in vitro cytotoxic activity. (A) Chemical structure of ouabain. (B)
parameter GGR is calculated. The GGR is the ratio between the number of cells on the last pic
ratio between the GGR in the treated group (T) over that in the control group (CT). Lower r
microscopy analysis of PC-3 cells left untreated (control, upper panel) and 36 nM ouabain
(“last”) selections of recordings. Movies are supplied as Supplementary data. Movies of (D
36 nM ouabain treated over 72 h (upper panel). Still images are presented at 0 min (“ﬁrst”) a
double click will activate the videos (recordings over the three day observation period have b
they have been compressed using the DivX codec. The codec and a movie player are availabmotility, death, and proliferation of cells [14]. The cells are
maintained in closed ﬂasks containing buffered medium at a
controlled temperature of 37+/−0.1 °C during the time required
for the experiment (in this case 72 and 144 h). They are monitored
by means of a phase-contrast microscope coupled with a CCD
camera. A control monitor placed between the camera and the
computer allows visualization at all times of what is occurring with
the cells. A picture is taken every four minutes. Movies are made by
compressing all pictures (Supplemental ﬁles) [11,14]. On basis of the
pictures, the parameter “Global Growth Ratio” (GGR) is calculated.
The GGR is the ratio between the number of cells on the last picture
to that on the ﬁrst picture in an experimental group. The GGR(T)/
GGR(CT) is the ratio between the GGR in the treated group (T) over
that in the control group (CT). Lower ratios indicate a decrease in
proliferation of treated cells. Using the Global Growth Ratio, we were
able to evidence a high anti-proliferative effect of ouabain on human
prostate cancer PC-3 cells (Fig. 1B), when used at its IC50 of 36 nM.
The IC50 was deﬁned as the concentration that reduced the global
growth of the cancer cells by 50% after three days culturing in the
presence of the compounds, as assessed by MTT assay (data not
shown). Furthermore, using computer-assisted videomicroscopy for
cellular imaging (Fig. 1C), we were able to visualize the morpholo-
gical changes and anti-proliferative effects induced by ouabain and to
rule out the hypothesis of ouabain-triggered cell death resulting from
induction of osmotic shock, apoptosis, senescence, or mitotic
catastrophe when the compound is used at its IC50 concentration.
Scratch-wound assays (Fig. 1D) were able to further conﬁrm theGlobal Growth Ratio (GGR). On the basis of pictures obtained by cellular imaging, the
ture over that on the ﬁrst picture in an experimental group. The GGR(T)/GGR(CT) is the
atios indicate a decrease in proliferation of treated cells. (C) Computer-assisted video-
treated over 72 h (lower panel). Still images are presented at 0 min (“ﬁrst”) and 72 h
) Scratch-wound assay made with PC-3 cells left untreated (control, upper panel) and
nd 72 h (“last”) selections of recordings. Movies are supplied as Supplementary data. A
een speeded up to about one min). To minimize the ﬁle size of the generated video clips,
le at http://divx.com.
Fig. 2. FTIR spectra of PC3 cells grown in four experimental conditions. PC-3 cells were
grown in the absence or in the presence of 36 nM ouabain for 6, 24, and 36 h. For each
experimental condition, three samples were collected from three independent cell
cultures, yielding a total of nine samples per condition. The spectra of four experimental
conditions are displayed with successive slight shifts to the top for better readability.
Fig. 3. PCA analysis of the FTIR spectra of cells grown in four experimental conditions.
Each point of the plot is the projection of a spectrum in the principal components PC1–
PC2 space. Black stars represent the spectra from untreated cells. The other symbols are
used for the different incubation time points: ■ = 6 h, ● = 24 h, ▶ = 36 h. The
percentages between brackets represent the proportion of variance held in the principal
components.
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ﬁrst and the last images of recordings are presented, while the
movies can be visualized in the Supplementary information. Indeed,
the still images presented in Fig. 1C clearly evidence the anti-
proliferative effect of ouabain on human prostate PC-3 cancer cells
(see the difference in cell number and morphology on the “last”
pictures on untreated and ouabain-treated cells). Furthermore, while
untreated cells are able to completely ﬁll the wounded region
(Fig. 1D), the ouabain-treated cells are unable to ﬁll the wounded
region and died before the end of observation time.
3.2. Evaluation of the potential of infrared spectroscopy to yield a
signature for ouabain action on cells
In order to evaluate the potential of infrared spectroscopy to yield a
signature for ouabain action on cells, PC-3 cells were grown in the
absence or in the presence of 36 nM ouabain for 6, 24, and 36 h. For
each experimental condition, three independent cell cultures were
grown over a period of one year. From each cell culture, three samples
were tested yielding a total of nine samples for each condition along
with the corresponding controls (called the “zero” time). Importantly,
the analyses described below did not show any signiﬁcant difference
between the spectra of untreated cells recorded at different periods of
the year nor at different growth times. It has been shown that cells
harvested in either the exponential growing stage or the plateau
phase exhibit different cells spectra [15]. Despite this, in the present
work, cells were always collected in exponential phase, and we also
checked for spectral variability due to the growth stages. The data
obtained (not shown) gave evidence for insigniﬁcant differences with
respect to spectral differences highlighted after drug incubation. In
turn, we can assume that the observed spectral modiﬁcations
observed in the presence of ouabain are strictly related to ouabain-
induced metabolic changes on PC-3 cells. Trypan blue was used to
check the viability of the cells. For each condition, the viability rate
was above 95% (data not shown), demonstrating that the FTIR
measurements were not performed on dying cells. Fig. 2 shows the
spectra obtained under four experimental conditions. These spectra
are very similar at ﬁrst glance, and can be roughly divided into three
main regions:
1) Between 3000 cm−1 and 2800 cm−1, the absorption is
dominated by the stretching vibration of the CH2 and CH3
groups contained mainly in the lipid acyl chains and to a much
lesser extent by the proteins of the cells.
2) Between 1800 cm−1 and 1300 cm−1, the absorptions are
primarily due to the proteins, with some absorptions from the
lipids. The shoulder present at 1738 cm−1 is assigned to theester CfO stretching of the phospholipids [16,17] and is not
overlapped by contributions from DNA and proteins. The
stretching of the protein amide CfO bonds takes place at
1650 cm−1 (named Amide I). This band is sensitive to the
secondary structure of proteins [12]. The deformation of the
protein amide N–H bond (Amide II) appears at 1540 cm−1. The
bands between 1480 and 1300 cm−1 are caused by the amino
acid side chains and fatty acids.
3) Between 1300 cm−1 and 900 cm−1, the absorptions result from
carbohydrates as well as from phosphates mainly associated
with nucleic acids, i.e., DNA and RNA. The absorption bands at
1241 cm−1 and 1085 cm−1 [18] are characteristic of the
asymmetric and symmetric phosphodiester vibration of nucleic
acids. Various glycogen vibrations are superimposed between
1150 and 1025 cm−1 [17,19]. The small peak appearing at
968 cm−1 is assigned to C–O phosphodiester moieties.
The region between 2800 and 1800 cm−1 has no absorption bands
from the cells, but contains the contribution of atmospheric CO2
(2350 cm−1).
3.3. PCA spectral analysis
A PCA (Principal Component Analysis) analysis was ﬁrst carried
out as an unsupervised test potentially able to classify the data. The
result of a PCA analysis is presented in Fig. 3 as the projection of the
cell spectra at different ouabain incubation time points on the ﬁrst two
principal components. The percentage between brackets represents
the fraction of the total variance described by the principal
component. More than 86% of the spectral variance was thus
explained by the data reported in Fig. 3. It appears clearly from
Fig. 3 that PCA allowed the separation between the controls, 6-hour
incubation, and (together) 24 and 36-hour incubation times. Projec-
tion on the fourth principal component (not shown, 6% of the total
variance) allowed the separation between the 24 and 36 h cell
treatments with 36 nM ouabain. Even though unsupervised, PCA
analysis indicated that the effect of ouabain on PC-3 cells can be
evidenced through the ﬁngerprint provided by their FTIR spectra.
Furthermore, the time dependence of the effects also appeared from
the analysis.
Fig. 5. Differences between mean spectra for pairs of conditions for lipid extracts. For
Fig. 4, each spectrum is the difference between two average spectra of lipid extracts
from PC-3 cells grown in four experimental conditions. A Student t-test was computed
for every wavenumber with a signiﬁcance level of α=0.01 and a Bonferroni correction.
Each marked wavenumber (highlighted area) represents a statistically signiﬁcant
difference between the means. The spectra from pure phosphatidylserine and pure
sphingomyelin are also reported.
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To gain more insight into the chemical modiﬁcations induced at
the different stages of the incubation, a Student t-test was performed
between successive pairs of conditions. After computation of the
mean spectra for each incubation condition, the differences between
mean pairs were reported in Fig. 4, resulting in three curves: one for
the early changes (6 h–0 h), one for the metabolic modiﬁcations
induced by the drug after about one generation (24 h–6 h), and one
for later changes (36 h–24 h). The positive and negative peaks in the
difference spectra shown in Fig. 4 are representative of the molecules
that are relatively more abundant (positive bands) or less abundant
(negative bands) in the cells after treatment. Note that all the
difference spectra presented in Fig. 4 are plotted on the same scale.
Intensity of the peaks can thus be compared. Before computing the
Student t-value, normality of the distribution of the absorbances at
every wavenumber was checked by a Kolmogorov–Smirnov test on
each subgroup. No signiﬁcant deviation from a normal distribution
could be detected for all treatment conditions. The Student test was
performed with α=0.01 and a Bonferroni correction that divided α
by the number of wavenumbers tested. In turn, the effective α value
for each wavenumber was close to 3×10−6. With this stringent
criterion, every wavenumber was tested and a star was placed on the
line when the Student test was positive (rejection of the equality of
the means). Results are reported in Fig. 4. It can be observed that the
Student positive wavenumbers appear as well-localized regions. This
feature is easily explained when considering that adjacent wavenum-
bers are intrinsically correlated over the width of absorption bands.
After 6 h incubation, a limited number of regions were affected,
mainly in the protein (around 1650 cm−1) and the ﬁngerprint regions
between 1500 and 1200 cm−1. Between 6 h and 24 h, large new
signiﬁcant differences appeared. The most spectacular ones are
related to lipids, between 3000 and 2800 cm−1 (νas(CH2) at
2922 cm−1, νs(CH2) at 2852 cm−1, νas(CH3) at 2955 cm−1, νs(CH3)
at 2872 cm−1), 1738 cm−1 (ν(CfO)), and 1465 cm−1 (δas(CH2)) [20].
The second most intense feature resulted from a shift in the Amide I
region of the spectrum, which could indicate that, overall, the protein
structure was affected. The third difference spectrum, 36 minus 24 h,
did not reveal any further large modiﬁcation of the situation found
after 24 h incubation, except a notable change at the level of the lipid
double bound at 3005 cm−1 (ν(CH) on unsaturated carbon) [20]. The
data reported above strongly suggest that FTIR spectroscopy is not
only able to sense cellular modiﬁcations induced by ouabain, but also
to qualitatively follow the progression of these changes during the
course of treatment.Fig. 4. Differences between mean spectra for pairs of conditions for entire cells. Each
spectrum is the difference between two average spectra from pairs of experimental
conditions. A Student t-test was computed for every wavenumber with a signiﬁcance
level of α=0.01 and a Bonferroni correction. Each marked wavenumber (highlighted
area) represents a statistically signiﬁcant difference between the means.The appearance of a strong lipid contribution in the Student
analysis after 24 h (but not after 6 h) indicates that either the lipid
content in the cell varied or the nature of the lipid varied. In order to
test this hypothesis we performed a total lipid extract from cells
collected after different ouabain incubation times.
3.5. Ouabain treatment of PC-3 cells affects lipid content and/or
lipid type
The Student tests suggested that the lipid content was strongly
affected by ouabain treatment. To gain more insight into the
molecules involved, we analyzed lipid extracts obtained from PC-3
cells grown in the same conditions and similarly incubated with
ouabain for 6, 24, and 36 h. FTIR spectra of entire cells were
recorded before lipid extraction in order to properly compare the
cells and their lipid extract. The spectra of the cells were shown to
be undistinguishable from the others recorded in the course of the
present study (e.g., Fig. 2). The differences between pairs of mean
spectra obtained in different conditions were also computed and
the signiﬁcance of the difference at every wavenumber was
evaluated by a Student test (Fig. 4). As before, the positive/negative
peaks that appear in the difference spectra (Fig. 5) arise from the
chemical groups present in relatively higher/lower concentration
after ouabain treatment. No signiﬁcant difference was found after
6 h incubation in the presence of ouabain, in agreement with the
previous results. Most of the differences appeared between 6 and
24 h, notably in the regions of νs(CH2) at 2852 cm−1, νs(CH3) at
2872 cm−1, ν(CfO) at 1738 cm−1 and ν(CH) on unsaturated carbon
at 3005 cm−1 [20]. In addition, the phosphate bands ν(PO2−) at
1240 and 1085 cm−1 [20] were also signiﬁcantly marked by the
Student test. Between 24 and 36 h, fewer additional differences
showed up, but as for the entire cells, the unsaturation of the acyl
chains was further increased. Furthermore, the band located near
1550 cm−1, already present after 24 h, continued its rise. To ﬁnd out
which lipids were implicated in the difference observed in 1700–
1500 cm−1 region, we compared them to spectra of pure typical
lipids from each subclass of eukaryote cell membrane (spectra not
shown). Among the major phospholipids, bands in this spectral
region were only present in sphingolipids and phosphatidylserine,
but not in phosphatidylcholine, phosphatidylglycerol, phosphatidic
acid, or cardiolipin. The bands between 1663 and 1635 cm−1 and
between 1565 and 1475 cm−1 are typical of phosphatidylserine or
sphingomyelin.
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Monitoring the overall changes occurring in the cell upon exposure
to a drug is a complex task. So far, either speciﬁc markers have been
used as indices of the changes or DNA microarrays have provided a
global overview of protein synthesis activity. As seen from our result,
infrared spectroscopy can also be a powerful tool for the study of
biological systems. This technique records a ﬁngerprint of all the
molecules present in the cells, lipids, sugars, proteins, nucleic acids,
etc. It senses not only the chemical nature of these molecules but also
their conformations. It is very sensitive to protein conformation
[21,22] and plays an important role in the determination of
conformational illnesses [23,24]. Overall, the approach is very
sensitive to any metabolic perturbations. This approach has already
been used in several ﬁelds, such as classiﬁcation of bacterial sub-
species [3,25], differentiation of tumor and normal cells [26–29], and
tumor cell behavior [6]. Because of the very high signal-to-noise ratio
of FTIR spectra, metabolism perturbation induced by any drug should
be distinguishable. In the work presented here, we tried to bring to
light the metabolic modiﬁcations of PC-3 cells brought on by ouabain,
one of the most studied cardenolides. Experimental conditions were
selected (such as a decrease in the growth rate of the PC3 cells) and
results were clearly established as assessed by camera imaging and
scratch wound assays, while cell death was insigniﬁcant, as demon-
strated by the trypan blue assay.
PCA analysis suggested that subtle differences in cell metabolism
could be evidenced, including those occurring in the shortest
incubation time in the presence of ouabain (6 h). A more chemically
oriented view of the differences induced by ouabain treatment was
provided by the difference spectra. The differences observed after
6 hour incubation (Fig. 4) were of small amplitude and not signiﬁcant
with the very stringent statistical test (α∼10−6), while observation of
the PCA results (Fig. 3) demonstrated a clear separation from the
untreated control cells. Between the 6 and 24 h time points, a
progression of the previous effect was observed. Nevertheless, some
new spectral areas appeared to be signiﬁcantly modiﬁed upon
ouabain treatment, including the entire C–H region between 3025
and 2800, the lipid ester carbonyl band around 1740 cm−1, and the
protein Amide I and II regions.
Quantitatively, the analysis of entire cells demonstrated that the area
under the curve between 3000 and 2800 cm−1 was increased by 20%
after 24hof ouabain treatment. Because the absorptionof the IRbeam in
this region is dominated by the contribution of the hydrocarbon chains
of the lipids [16], a relative increase in the amount of lipids with respect
to the other cell components afteronedayof ouabain treatment couldbe
suggested. This conclusion was further supported by the concomitant
increaseof the lipid carbonyl group around1740 cm−1. Furthermore, the
overall protein structure of PC-3 cells appeared to be signiﬁcantly
affected after 24 h of ouabain treatment. The positive peak around
1653 cm−1 arises from the α helix conformation of proteins and the
negative contribution around 1636 cm−1 comes from the β sheet
conformation [18,21,22,30–32]. In turn, the spectral features present inTable 1
FTIR band ratios as a function of the incubation time in the presence of 36 nM ouabain.
IR band ratio assignment IR band ratio (%)
0 h 6 h 24 h 36
CHfCH/CH2 ratio (unsaturation index) 100 (±7) 107 (±10) 126 (±7) 13
CH2/CH3 ratio (hydrocarbon chain length) 100 (±5) 105 (±8) 101 (±7) 10
PO2−/CH2 ratio 100 (±13) 92 (±19) 63 (±6) 6
CfO/PO2− ratio (lipids without phosphate) 100 (±8) 103 (±23) 143 (±13) 14
CfO/CH2 ratio (number of acyl chains) 100 (±8) 98 (±6) 90 (±5) 9
δ(NH)/CH2 ratio 100 (±15) 98 (±13) 132 (±10) 18
Ratios (%) were computed on cell lipid mean spectra obtained for each condition and expre
3018–3002 cm−1, CH3: 2875–2868 cm−1, CH2: 2860–2842 cm−1, CfO: 1762–1700 cm−1, N–H
are reported with the standard deviation.the difference spectra could be explained by a higher proportion of α
helix and a lower proportion of β sheet after one day of ouabain
treatment. Remarkably, after 36 h of incubation, no further change
occurred except for a small region around 1500 cm−1 potentially
assigned to lateral chains of protein amino acids.
Because of the clues revealed in the entire cell difference spectra,
we carried out a similar analysis for lipid extracts obtained from PC-3
cells. After 6 h of treatment, the lipids were not affected by the action
of ouabain (Fig. 5). This result demonstrates that the ouabain
molecule itself cannot be responsible for the changes observed for
longer incubation times. Most of the differences appeared after 24 h.
The two negative peaks at 1241 and 1085 cm−1 were assigned νas
(PO2−) and νs(PO2−) from the phospholipids [16]. These phosphate
peaks appeared to be signiﬁcantly affected by ouabain treatment for
the lipid extracts but not for entire cells. This can be simply explained
by the large amount of phosphate contributions from nucleic acid
superimposing their contributions on entire cells, resulting in an
increased variability of the FTIR data. The ratios between the areas of a
number of IR absorption bands associated with the amount of CH3,
CH2, C–H on unsaturated CfC bands, CfO, PO2−, and N–H (amine or
amide) shed some light on molecular modiﬁcations occurring in the
lipid extract. These ratios are reported in Table 1. The evolution in the
lengths of the hydrocarbon chains was evaluated from the area ratio
between νs(CH2) and νs(CH3). This ratio did not display any distinct
trend indicating little change in the length of the lipid hydrocarbon
chains. The peak around 3005 cm−1 is assigned to unsaturated ν(C–
H) on –HCfCH– groups, and provides a good index for unsaturation
[20]. The area of this peak reported to the area of the peak arising from
νs(CH2) is an established index for hydrocarbon chain unsaturation.
This ratio increased as a function of the incubation time, indicating a
higher concentration of unsaturated bonds in the lipid chains after
ouabain treatment (Table 1). Because the polar head groups of the
different lipid classes have distinct infrared features, it is possible to
get information on the evolution of their relative proportions upon
ouabain treatment. The relative decrease in phosphate content with
respect to both the hydrocarbon chains and the ester groups (lines 3
and 4 respectively in Table 1) suggests a decrease in phospholipid
content or an increase in lipids that contain no phosphate such as
sphingolipids (but not sphingomyelin which contains a phosphate
group), glycolipids, triglycerides or fatty acids. The peak at 1740 cm−1,
assigned to the ester ν(CfO) from lipids [16] and present in all lipids
but sphingolipids, was not signiﬁcantly decreased with respect to the
hydrocarbon chain (Table 1, line 5) upon ouabain treatment. Two lipid
classes have a signiﬁcant contribution between 1700 and 1500 cm−1:
sphingolipids and phosphatidylserines as indicated by the spectra
presented in Fig. 5. Difference spectra data (Fig. 5) suggest an increase
in the relative concentration of PS or sphingomyelin between 24 and
36 h. Twelve hours later, the only spectrum area continuing its rise is
also assigned to PS or sphingomyelin. In order to evaluate in more
details the evolution of these lipids, the 179 spectra of the lipid
extracts collected for different cultures and different incubation time
in the presence of ouabain were ﬁtted in the 1760–1500 cm−1 regionEvolution Suggested interpretation
h
8 (±4) ↑ Unsaturation index ↑
3 (±11) = Acyl chain length remains unchanged
3 (±6) ↓ Phosphate containing lipids ↓ or fatty acids and triglycerides ↑
7 (±14) ↑ Phosphate containing lipids ↓ or fatty acids and triglycerides ↑
2 (±3) = Ester containing lipids =
3 (±10) ↑ Ester containing lipids ↓ or sphingomyelin ↑
ssed in % of the value found for non-treated cell lipids. Integration limits are: CHfCH:
: 1562–1525, and PO2−: 1265–1205 cm−1. Data are themeans of at least six cultures and
1269R. Gasper et al. / Biochimica et Biophysica Acta 1788 (2009) 1263–1270by the sum of the spectrum of a PC, PS and sphingomyelin (not
shown). The results of the regression indicate a clear relative decrease
in PC and increase in sphingomyelin while the PS contribution
remained constant. Computation of the ratio between δs(NH) and νs
(CH2) reported in Table 1 conﬁrmed an overall increase in sphingo-
lipids or relative decrease in ester containing lipids.
In conclusion, the data obtained on the extracted lipids strongly
suggest a modiﬁcation in the nature of the cell lipids and in their
overall degree of unsaturation. Taken together, data presented in Table
1 and the difference spectra (Fig. 5) indicate that for the hydrocarbon
chains, the length was stable but the unsaturation index strongly
increased. For the polar head groups, sphingolipids relative content
increased markedly as indicated by their N–H contribution but
phospholipid relative content decreased upon ouabain treatment. As
sphingomyelin is the most abundant sphingolipid and is a phosphate
containing sphingolipid, it is likely that the relative loss of phosphate
was due to the increase in other lipids that do not contain phosphate
such as glycolipids, triglycerides and fatty acids.
At the present time, the plasma membrane is considered to be a
dynamic entity, where speciﬁc lipid–lipid interactions occur, leading to
the formation of organized structures (the so-called lipid domains) that
coexist in biomembranes [33]. While the functional properties of the
plasma membrane are principally dictated by proteins and their
orientation within the membrane, the biophysical properties of the
cell surface bilayer are imposed by lipids. Furthermore, cell signaling,
lipid and protein sorting, and transport mechanisms not involving
protein participation, but requiring large, local deformations of the
plasma membrane (endocytosis, exocytosis, and membrane fusion
events), are also determined by changes in the composition of lipids,
mainly by sphingolipids (ofwhich sphingomyelin is themost abundant)
and rafts [34,35]. Many proteins involved in signal cascades require the
presence of intact lipid rafts for their activation. The distinct biophysical
properties of rafts lead to the hypothesis that the membrane physical
state could be the cause of the activation/inhibition of cellular processes
[36,37]. These evidenced that ouabain-mediated profound changes in
lipid composition might be one of the major reasons why so many
molecular targets are affected by cardiotonic steroids (reviewed in [8]).
Lipid composition seems also to be highly important for Na+, K+-
ATPase activity (reviewed in [8]). In 1986, Matsuda and Iwata had
already reported [38] that there is a difference in phospholipid
composition of cardiac Na+, K+-ATPase preparations between species
that are sensitive to ouabain and those that are not. Sphingomyelin is
higher and phosphatidylcholine is lower in the enzymes from sensitive
species than in those from insensitive ones. Furthermore, whole-
genomeAffymetrixmicroarray analysis thatwe performed onPC-3 cells
untreated and treatedwithmodiﬁed cardiotonic steroid UNBS1450 [39]
revealed that number of enzymes involved in lipid metabolism (such as
lysophospholipase-like 1, phospholipase A2-activating protein, phos-
pholipase C, beta 1 (phosphoinositide-speciﬁc), phospholipid scram-
blase 1 and N-acylsphingosine amidohydrolase (non-lysosomal
ceramidase) 2) are affected by the cardenolide treatment.
In future work, it would be quite interesting to investigate and
compare the effect on FTIR spectra of different antitumor drugs in
order to assess the potential existence of speciﬁc “molecular
signature” of different classes of molecules.
While the FTIR analysis has become quite a useful tool for
diagnostic purposes in oncology [7,40–45], we now suggest the use
of this technology in new anti-cancer drug discovery. The present
work demonstrates that a wealth of information on non-protein and
non-nucleic acid molecules is available in the FTIR spectra.
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